Introduction
The fragment molecular orbital (FMO) method, developed by Kitaura et al., is an ab initio based method that is able to treat large systems of thousands of atoms. 1 The distinctive feature of FMO 2, 3 is the inclusion of the electrostatic field from the whole system in each individual fragment calculation, and the use of the systematic many-body expansion 4 to incorporate interfragment interactions. The fragment calculations are performed by self-consistently polarizing the system, which is very important for highly polar systems, such as proteins. Many common wave function types have been incorporated into FMO, [5] [6] [7] [8] [9] [10] [11] [12] and the excited state time-dependent density functional theory energy can also be computed in gas phase and solution. 13 Geometry optimizations 14 and molecular dynamics 15, 16 simulations can be performed with FMO, and the method has been applied to a large number of processes such as protein-ligand binding, [17] [18] [19] protein-DNA interactions, 20 explicit solvation, 21, 22 enzymatic reactions, 23 excited states in proteins [24] [25] [26] and zeolite adsorption. 27 Although considerable theoretical work has been invested in developing computationally feasible methods for large systems [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] (see also refs. 39 and 40 for a review) in the gas phase, few options are available for large solvated systems. [41] [42] [43] [44] [45] [46] As almost all biological processes occur in solution, it is necessary to include solvent effects in calculations on biological molecules. Continuum solvent models are important computational methods for theoretical studies of condensed phase chemistry. 47 In a continuum model the solvent is treated as a dielectric medium while the solute is represented by a distribution of charges. The polarizable continuum models (the earlier D-PCM 48 and the recent Integral Equation Formalism PCM, or IEF-PCM 49 models, as well as the SMx models, 56 are popular continuum solvation models.
An interface of FMO with the polarizable continuum model (PCM) was developed for single point energy calculations. 57 Geometry optimization of large biological molecules in solution phase is also necessary because the solvent effects on the structure are usually very large. For example, salt bridges formed on the surface of a protein usually dissociate in solution. Therefore, gas phase geometry optimizations are not very meaningful for studies of protein properties in solution. In this work, the analytic energy gradients for the combined FMO/PCM method are implemented and used for polypeptide and protein geometry optimizations. The PCM has already been parallelized and implemented to perform large-scale calculations for large biological molecules. 44, 57 The combination of the FMO and PCM methods, with fully functional energy gradients, will significantly enhance the ab initio study of biological molecules.
The article is organized as follows. First, the PCM, FMO and FMO/PCM methods are reviewed. Second, the theory and the implementation of the FMO/PCM gradients are presented. Finally the computational details and numerical results for a few representative molecular systems are presented and discussed.
Theory

Polarizable Continuum Models
In both the PCM and conductor-like screening models (COSMO) the solute molecule occupies a cavity in a bulk solvent treated as a polarizable medium with a dielectric constant e. The induced charge on the cavity surface is used to describe the electrostatic interaction between the solute and the bulk solvent. To solve the electrostatic boundary equation (i.e. the Poisson equation) the continuous charge distribution on the surface is divided into point charges at the centers of a finite number of boundary surface elements, called tesserae. The induced surface charges, denoted as a vector q, can be associated with the solute electrostatic potentials at the tesserae, denoted as a vector V, by a matrix equation,
where C is a geometric matrix whose elements differ depending on the tessellation methods and various continuum model formalisms. In this article, the Polarizable Continuum Models (both IEF-PCM 49 and CPCM 52,53 ) and RHF (including density functional theory methods based on RHF type wave functions) are considered. Although implemented within the IEF-PCM frame, the CPCM should be regarded as a specific variant of the conductor-like screening models (COSMO). 50 The electrostatic interaction between the solute and the bulk solvent, referred to as the PCM energy G, is defined as follows:
Based on the last expression of G in eq. (2), the first derivative of the PCM energy with respect to an atomic coordinate x is [note that the standard equality (C
Equation (3) can be written as:
If C is not symmetric (such as in the IEF-PCM method),q is different from q. The evaluation ofq requires a computational cost similar to q. In the conductor-like screening model (COSMO) and its specific variant CPCM, the matrix C is symmetric, so
For IEF-PCM, eq. (6) can also be used as a good approximation.
The first term (V T ) x q on the right side of eq. (6) represents the (negative) forces on the PCM induced charges q in the electrostatic field (V T ) x created by the solute; the second term (1/2)q T C x q represents the (negative) forces on the induced charges in the electrostatic field created by other induced charges and has a general expression such as q 1 q 2 /r 2 12 when the C x matrix elements are explicitly written out. Due to the discrete tessellation scheme used for numerical solution of the Poisson boundary equation in PCM, neither the PCM energy nor the gradients are continuous functions of the atomic coordinates. However, using the GEPOL-AS and the variabletessera-number (VTN) approximations, nearly continuous IEF-PCM and CPCM energy and gradients can be obtained, and molecular geometry optimizations can be routinely performed.
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The total nuclear gradients of a molecule are the sum of the solvation energy gradients and the ''gas phase'' gradients. The solute can be described either with classic electrostatic models or various levels of quantum chemical models, or combined molecular mechanics and quantum mechanics models. 58 For quantum mechanical models, the RHF (or RHF based DFT) wave function is determined variationally in the presence of the PCM induced charges, and the ''gas phase'' nuclear gradients of the solute molecule can be evaluated with the wave function determined in the presence of PCM charges.
It is common to perform empirical calculations together with PCM to determine the free energy of cavitation of the solvent (G cav ), free energies of dispersion (G dis ) and repulsion (G rep ) between the solute and the solvent. 59, 60 We denote the sum of these energies by G cdr . These three free energy terms depend only on the geometrical parameters of the solute cavity and the predetermined molecular mechanical interaction parameters, which are independent of the electronic state in the ab initio calculation. Since the computational cost is relatively low for these molecular mechanical calculations, a procedure has been implemented to numerically calculate the gradients by displacing each coordinate separately by 1.0 3 10 26 Bohr and then calculating the energy differences.
FMO Method
The central idea of the FMO method is to break down a large molecular system into many small fragments (also called monomers), and perform feasible ab initio calculations for the fragments and their combinations (e.g., dimers and trimers) in the presence of other monomers. For the dimer-level FMO, that is FMO2, the total energy of a large system is defined as:
where I and J run over all of the N fragments; E I is the SCF energy of the Ith fragment in the external Coulomb field of the other N-1 fragments; E IJ is the SCF energy of the I 1 J fragment pair (dimer) in the external Coulomb field of the other N-2 fragments. The computational procedure for the gas phase dimer-level FMO (FMO2) is: All of the other FMO2 properties can be defined similarly to the energy. For example, the FMO2 energy gradient with respect to a coordinate x is:
Currently, the gradient calculation in the FMO method includes the external Coulomb field derivative and is very close to being analytic. 62 Strictly speaking, one needs to add the derivatives of the internal dimer energies [which are E IJ in eq. (7) with the external Coulomb field subtracted] with respect to the external monomer coordinates, since dimer calculations are not fully variational with respect to the external monomer density change; these terms contribute very little to the gradients though, as the derivatives of the external Coulomb field itself are computed.
FMO/PCM Method
An FMO/PCM calculation is similar to a full ab initio PCM calculation: a molecular cavity is constructed for the solute (the whole system instead of the FMO fragments) and tessellated. The main difference is that in a full ab initio PCM calculation, the solute potential V is determined directly from the total electron density, while in an FMO/PCM calculation V is determined with the fragment potentials (e.g., V I and V IJ ) that have been computed from the fragment electron densities (note that V, V I , and V IJ are vectors of the same size, given by the total number of tesserae for the whole system). For example, V at the dimer level is [c.f. eqs. (7) and (8)]:
The PCM solvent effect has been incorporated into the FMO2 calculations at three levels. In FMO2/PCM [1] , the PCM is incorporated in the FMO2 scheme only at the monomer level calculation: the PCM induced surface charges are determined self-consistently with the monomer electron density in steps (a) and (b) of the FMO2 procedure presented above. FMO2 dimer calculations [steps (c) and (d)] are performed in the presence of the PCM surface charges q determined at the monomer level. There is a small cost for solving the PCM charges in the FMO2/ PCM [1] calculations, and the accuracy in the solvation energies of polyalanine up to 40 residues is about 1-10 kcal/mol compared to full ab initio RHF/PCM. 57 FMO/PCM has been applied to some interesting systems. 63, 64 In FMO2/PCM[1(2)], charges q are determined in the FMO2 scheme at the dimer level, but only once. After performing FMO2/PCM [1] , the PCM potential V is recomputed at the dimer level with eq. (9), and used to solve for induced PCM surface charges q. Then a new FMO2 iteration [all of the steps (a), (b), (c) and (d)] is carried out in the presence of the fixed PCM induced charges q. Thus, the cost of FMO2/PCM[1 (2) ] is nearly double that of FMO/PCM [1] , and the accuracy in the solvation energies of polyalanine up to 40 residues is about 0-1.5 kcal/ mol compared to full ab initio RHF/PCM. 57 In FMO2/PCM, 2 the charges q are determined and incorporated into the FMO2 scheme at the dimer level calculation, and iterated for $10 times to self-consistency. After each FMO2 calculation [all steps (a), (b), (c) and (d)], PCM potentials V and charges q are computed at the dimer level with eq. (9), and are used for the next FMO2 calculation. Thus the cost of FMO/ PCM [2] is $10 times larger than that of FMO2/PCM [1] , and the accuracy is comparable to that of FMO2/PCM[1 (2) ]. The latter is our recommended level for the energy calculations.
In all of the FMO2/PCM methods, the total energy of the system is defined as:
where E I , E J , and E IJ are the FMO monomer and dimer ''gas phase'' energies determined with the wave functions optimized in the presence of the PCM surface charges. Clearly, due to the two-body expansion in FMO and its interface with PCM, the total energy obtained from eq. (10) is not truly variational. The G cdr term is independent of the ab initio method and is determined according to the molecular structure of the whole system. At the size of polyalanine with 10 residues (112 atoms) there is little time saving in doing an FMO calculation at the RHF level compared to full ab initio. Due to the nearly linear scaling, FMO offers a speed advantage for larger sizes. 2 The PCM part in the FMO/PCM method has a similar cost to that of full ab initio, because in FMO one treats the whole cavity in all fragment calculations.
FMO/PCM Gradients
Similar to eq. (6), the total energy gradient for FMO2/PCM is given by:
where E x I , E x J , and E x IJ are the FMO monomer and dimer ''gas phase'' nuclear gradients determined with the wave functions optimized in the presence of the PCM surface charges. Of course, the evaluation of the FMO2/PCM gradients is performed after the energy calculation in which the FMO2 wave function and the PCM charges are determined.
Approximations are used to evaluate eq. (11): the same approximations used for gas phase FMO2 gradients are adapted for the FMO2 gradients in the FMO2/PCM interface by simply using the wave function determined with the presence of the PCM charges q, and the VTN 53 approximation for full ab initio PCM gradients are adapted for the PCM in the FMO2/PCM interface. The gradients for the cavitation, dispersion and repulsion terms (G x cdr ) for the FMO2/PCM method can be calculated numerically using the same procedure described above.
Computational Methodology
The RHF/6-31G*, RHF/CPCM/6-31G* and FMO2-RHF/ CPCM[1]/6-31G* methods were used for geometry optimization calculations with the criterion that the root mean square gradient be smaller than 10 24 au. In the solvated 1L2Y calculations, diffuse functions (corresponding to the 6-311G* basis set) were added to the two carboxyl groups. Some single point MP2 energies were calculated, based on the CPCM perturbed RHF wave function, as proposed by Cammi. 65 The gas phase optimized structures of polyalanine were taken from previous work. 14 In the authors' experience, FMO and fully ab initio energy curves follow each other quite closely, shifted by some value related to the many-body charge transfer, exchange-repulsion and their coupling. 27, 66 In this article the numerical accuracy of the structures obtained with FMO2/PCM [1] is illustrated and compared in detail. The energetics can be improved with FMO2/ PCM[1(2)], which is shown to have about a 1-2 kcal/mol error. 57 In all of the CPCM calculations, the simplified united-atom radii (C 5 2.124 Å , N 5 2.016 Å , and O 5 1.908 Å , no radius for H) were used for molecular cavity construction with no additional spheres. The GEPOL-AS tessellation scheme was used with 240 initial tesserae per sphere. The solvent was water with e 5 78.39. The apparent surface charges were determined by a semi-iterative DIIS procedure 44, 67 with no charge renormalization.
In the FMO calculations reported here for polypeptides and proteins, one residue per fragment division was always used. We used the default calculation accuracy in FMO, and raised the corresponding ab initio thresholds to match it. The threshold for the FMO point charge approximation of the external Coulomb field 61 was changed from 2.0 to 2.5, to obtain better accuracy for the FMO gradients.
Calculations were performed with the quantum chemistry software package GAMESS, 68, 69 in which the FMO/PCM method was implemented, and parallelized with the General Distributed Data Interface, or GDDI. 70 A Pentium4 cluster, with 34 3.2 GHz Pentium4 nodes equipped with 2 GB memory and connected by Gigabit Ethernet, was used. For a timing example, the calculation on the extended form of polyalanine with 10 residues, required 21.1, 10.9, and 19.1 min for MP2/CPCM, FMO2-MP2/CPCM[1(2)] and FMO3-MP2/CPCM[1(2)], respectively (single point energy).
Results and Discussion
Water Trimer (H 2 O) 3 The FMO2 (gas phase and CPCM) and ab initio CPCM gradients are approximations. Table 1 presents a detailed comparison between the numerical gradients and the approximate analytic gradients for a cyclic water trimer (optimized at the RHF/6-31G* level, Fig. 1 ) obtained at the various FMO2/CPCM levels and RHF/CPCM methods. The total molecular energies are also presented in Table 1 for comparison.
Despite its simplicity, water is more difficult to describe with FMO than most bonded systems because it has significant charge transfer. The FMO errors are mostly caused by the interfragment charge transfer, rather than the detached bonds themselves. 27, 66 Table 1 clearly shows that the FMO2/CPCM energies differ from the RHF/CPCM energy by $0.3 kcal/mol (this error is caused by three-body quantum-mechanical effects, involving charge transfer 66 ), and the three FMO2/CPCM methods produce almost identical results. The numerical gradients are determined by double (forward and backward) displacements of the atomic Cartesian coordinates for each atom in the water trimer with a step size of 0.005 Å . The total energy includes the FMO2 electronic energy, CPCM induced surface charge energy, and cavitation, dispersion and repulsion energies. It is noted that, as discussed above, the analytic total energy gradients actually include numerical gradients of the cavitation, dispersion and repulsion energies determined by single displacement with a step size of 10 26 au.
Maximum differences of $0.0007 au (Hartree/bohr) between the numerical and analytic gradients are found for the three oxygen atoms. This is understandable because only the oxygen atoms are assigned spheres to define the molecular cavity in the CPCM calculation reported in Table 1 . The major error in the VTN approximation 53 for the CPCM gradients is from the spheres that are centered at displacing atoms. Errors of similar magnitudes in the VTN gradients have been observed for other molecules.
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Very small differences between the numerical and analytic gradients are found for the six hydrogen atoms, because their displacements lead to no change in the molecular cavity and tessellation, thus there are no errors arising from the CPCM part. This can be particularly seen in the RHF/CPCM case where the maximum difference is 0.00003 au, with most differences being zero. The differences in the three FMO/CPCM cases are slightly larger ($0.00005 au) than those in the RHF/CPCM case, mainly due to the approximations used in the FMO2 gradients.
In short, the gradient errors in the three FMO/CPCM methods are very similar to those in the RHF/CPCM method, and are almost entirely due to the intrinsic errors in the VTN gradients for the CPCM method. For all four cases, the maximum and root mean square errors are $0.0007 and $0.0002 au, respectively. For practical purposes, the gradient is already accurate enough at the FMO/PCM [1] level, which can be used for geometry optimizations.
Polyalanine CH 3 CO-(Ala) Polyalanine has been used as a model system in both experimental and theoretical studies of protein folding. 71, 72 The proteinsolvent interaction free energy, that is solvation free energy, plays an important role in determining the relative energies. Three conformers of CH 3 CO-(Ala) 10 -NHCH 3 , that is a-helix, b-turn and the extended form (see Fig. 2 ), were optimized with the gas phase RHF/6-31G*, RHF/CPCM/6-31G* and FMO2-RHF/CPCM[1]/6-31G* methods. Table 2 presents the root mean square deviation (RMSD) between some representative geometrical parameters optimized using gas phase RHF/6-31G* and RHF/CPCM/6-31G*, and those between RHF/CPCM/6-31G* and FMO2-RHF/CPCM[1]/ 6-31G*, for the three conformers. For each conformer, the comparisons are made at the structure superposition that minimizes the RMSD of the Cartesian coordinates (r in Table 2 ).
The RMSD of all the atoms (All atom r in Table 2 ) between the gas phase RHF/6-31G* and RHF/CPCM/6-31G* optimized Table 2 ) between the gas phase RHF/6-31G* and RHF/CPCM/6-31G* optimized geometries are 0.0042, 0.0038, and 0.0040 Å , respectively, for the a-helix, b-turn and extended conformers. As expected, smaller bond length RMSD values are found between RHF/CPCM/6-31G* and FMO2-RHF/ CPCM[1]/6-31G* optimized geometries, implying that these two geometries are similar to each other. The situation for the RMSD in the bond angles and dihedral angles is similar to that for the bond lengths.
The solvent effects upon the structure are the strongest in the a-helix (Table 2 and Fig. 3 ), which is likely to be related to its large dipole moment and thus large electrostatic interaction with the solvent. The b-turn is fairly rigid due to its intramolecular hydrogen bonds (which are retained upon solvation), so its structure changes little. The extended form overall is the least affected upon solvation, despite the fact that it has the largest solvation energy. This is better seen numerically in Table 2 , where the first three entrees compare RHF and RHF/CPCM; one can note that the apparently larger deviation for the extended form is because of the different scale (see Fig. 3 ) used to demonstrate the change in the angles from residue to residue; the absolute values of the angle changes is mostly the smallest for the extended form.
The dihedral angles in their standard biochemical definition describe the relative orientation of adjacent pairs of amino acid residues: / describes torsion about the N-Ca bond; x describes torsion about the C 1 -N bond; w describes torsion about the Ca-C 1 bond (see Fig. 4 ). Figure 5 shows the dihedral angles /, x, and w(in the gas phase and in solution phase. For the a-helix, the largest deformation upon solvation is for the three dihedral angles around the 10th peptide bonds (between ALA-10 and the À ÀNHCH 3 cap); it can be seen in Figure 5 that the À ÀNHCH 3 group has the largest deviation from gas phase. For the b-turn, on the contrary, the solvation effects are the largest for the middle (turn) part, dihedral angles around the 4th, 5th, 6th, and 7th peptide bonds (see Fig. 5 ). For the extended form interestingly the whole structure is almost uniformly affected. Also, for all three isomers one can observe the following general trend: / and x become more positive while w becomes more negative upon solvation.
The accuracy of FMO/CPCM verses the fully ab initio CPCM can be seen in Table 2 . The deviation is very small: 0.026-0.046 Å over all coordinates, and 0.001-0.002 Å and 0.23-0.30 degree in bond lengths and angles, respectively. The dihedral angles are reproduced by FMO with an error of about 0.75-2.27 degrees. Table 3 presents the HÁÁÁO distances in the NÀ ÀHÁÁÁO¼ ¼C hydrogen bonds in the a-helix and b-turn conformers optimized using the three methods. On going from gas phase RHF/6-31G* to solution phase RHF/CPCM/6-31G*, d1, d2, d7, d8, d9 of the a-helix, d1, d3, d8, and d10 of the b-turn become slightly shorter (by 0.05-0.1 Å ); d4 and d5 of the a-helix become significantly shorter (by $0.3 Å ); d3, d6 of the a-helix and d5 of the b-turn become slightly longer (by 0.05-0.1 Å ). The differences between the HÁÁÁO distances obtained with RHF/CPCM/6-31G* and FMO2-RHF/CPCM[1]/6-31G* methods are relatively small. A maximum difference of 0.1 Å is observed for d5 of the bturn, while the others are all around or below 0.02 Å . These differences are very similar to those in gas phase.
14 In general, the FMO2/CPCM [1] results can be considered to be a very good approximation to the full ab initio RHF/CPCM result.
One of the main questions in such a polyalanine study is what are the relative energies of various structures such as the a-helix, random coil, b-turn and unfolded conformations? To answer this question requires the calculation of the electron correlation energy. 73 Second-order perturbation theory (MP2) calculations were performed for the three conformations of interest here, and the results are presented in Table 4 .
It is well known that the geometries are less sensitive than the energies to the level of theory in quantum chemical calculations, and accurate higher-level single point energy calculations on lower-level (but still acceptable) optimized geometries are 
Structure
All atom r (Å ) Heavy atom r (Å ) 5, 74 and the accuracy of FMO-RHF was studied in detail as well. 4 Clearly, at the FMO2/CPCM geometry, FMO2-MP2/6-31G* and FMO3-MP2/ 6-31G* reproduce the full MP2/CPCM relative stabilities (as well as the absolute total energies) of the polyalanine isomers to within 1.1 and 0.7 kcal/mol, respectively. In the case of a medium basis set such as 6-31G*, FMO2 is in general very accurate and almost the same as full ab initio, as can be seen from Table 4 . But if a larger set containing diffuse functions is used, FMO3 is usually required for a better accuracy. The following discussions are based on the FMO3-MP2 data.
In the gas phase, the a-helix and b-turn conformations have very similar RHF energies, both being about 213 kcal/mol lower than that of the extended conformation. The energy lowering is due to the formation of amide-carbonyl hydrogen bonds, attenuated by the conformational strain. After considering the electron correlation energy in solution phase via the MP2/CPCM method, the a-helix becomes considerably more stable than the b-turn (by 14 kcal/mol: last column in Table 4 ). The changes in the individual energy terms on going from the gas phase RHF to MP2/CPCM, described in eq. (12) , are also listed in Table 4 .
In these equations E gas RHF is the gas phase RHF energy (relative to the extended form); DG PCM RHF is the change in the RHF However, the more compact b-turn and a-helix conformations gain more electron correlation energy (DE gas corr ) than the extended form; 225.6 and 216.0, respectively, relative to the extended form. The intramolecular solute dispersion energy change due to solvation DG PCM corr is quite similar in all three isomers (9-10 kcal/ mol). The cavitation energy and the repulsion terms are slightly more positive for the extended form, compared to the other two isomers, which is also a reflection of its larger volume and surface.
On going from gas phase RHF to MP2/CPCM, the energy of the a-helix relative to the extended form becomes even lower due to a net gain in stability [220.6 kcal/mol, see Table 4 ], while for the b-turn, the relative energy becomes higher due to a net loss in stability (213.3 vs. 26.5 kcal/mol). In other words, the solvent (water) stabilizes the a-helix most, and the b-turn least, with the extended form between them. See eq. (13) for the definition of these energies.
It is interesting to observe that the correlation energy (or the intramolecular dispersion in solute) is decreased in solution. This was also observed earlier 65 for very different systems and thus may be a general trend. The orbital energy levels can shed some light on this. In all isomers, occupied orbitals are stabilized and virtual orbitals are destabilized on going from gas phase to solution. The occupied orbital stabilization is easy to understand: solvent adds an electrostatic interaction to the Fock matrix, which lowers the orbital energies; the virtual orbitals adjust to this change by a corresponding increase in their orbital energies. The MP2 correlation energy 65 can be represented as the coupling term (two-electron integrals) divided by the sum of two virtual-occupied orbital energy differences. An inspection of the orbital energies shows that the solvent increases the HOMO-LUMO gap by 0.0017, 0.105, and 0.0145 hartree (or 11.0, 65.7, and 9.1 kcal/mol), in the extended form, a-helix and b-turn, respectively. Larger orbital energy differences lead to a smaller (less negative) intramolecular dispersion energy in solution. It is also interesting that a rather large change in the a-helix HOMO-LUMO gap (which is brought about by its large dipole moment) does not incur a much smaller change in the dispersion energy (see DG PCM corr in Table 4 ). This may be related to a reduced orbital delocalization in solution, which was also observed earlier, 13 resulting in larger coupling matrix elements in the correlation energy expression.
The data in Table 4 are computed at the CPCM optimized geometries, and the terms in Table 5 add the deformation energy due to the differences between the gas phase and solution optimized structures. DG 0 solv defines the total direct solvation energy of each isomer separately (CPCM minus gas phase, at the CPCM geometry), and is computed by summing the relevant data in Table 4 , (13) DG solv gives the actual solvation energy (for the solvation process from the gas phase optimized structure),
DE def RHF and DE def corr are the deformation energy components (RHF and MP2 correlation energy, respectively). They provide an energy criterion for how much the structures change upon solvation. The deformation energies are normally positive, as the energies are evaluated in the gas phase, and the CPCM structure has a higher gas phase energy, which is indeed observed at the RHF level. The correlation contribution is negative, indicating that the CPCM structure has a larger dispersion energy (despite the weakening of the intramolecular dispersion due to solvent, at the same geometry), because the CPCM structure is more compact. Ideally, the structures should be optimized at the MP2 level (not currently feasible), in which case the total deformation energy, DE def elec 1 DE def corr , would most likely be positive (destabilization). Table 5 clearly shows that the a-helix has the largest deformation energy, that is its structure is most strongly affected by the solvent. This is also reflected in the RMSD between the gas phase and solution in Table 2 (0.297 Å ). The deformation energies of the b-turn and the extended form are similar to each other (2.9 and 2.7 kcal/mol, respectively), while the all atom RMSD differs by a factor of 2 (Table 2, 0.115 vs. 0.211 au, respectively). However, the heavy atom RMSD for the b-turn and the extended form are similar (0.101 and 0.103 au, respectively). Thus, one can conclude that the solvent effect upon the b-turn is mostly torsional: the structure is distorted, largely by a change in the dihedral angles, while for the extended form hydrogen atoms contribute significantly to the structural change upon solvation.
The total solvation energy of the extended form (240.7 kcal/ mol) is much larger than those for the a-helix and b-turn (226.2 and 218.3 kcal/mol, respectively). The main reason for this is a large value of the solute-solvent dispersion interaction (Table 4 , DG PCM disp ), which for the extended form is about 20 kcal/mol larger than for the other two isomers. Finally, it is noted that the parameterization of DG PCM disp appears to play a major role in the relative stabilities, and hence its good quality (including its dependence upon the atomic radii) is essential for a reliable prediction of energetics.
Trp-Cage Miniprotein Construct (PDB: 1L2Y)
Since its discovery in 2002, the 20-residue ''Trp-cage'' motif in protein folding has received considerable attention. 75 At pH $7, this miniprotein has 304 atoms. Gas phase FMO2-RHF/6-31G* and solvated FMO2-RHF/CPCM[1]/6-31G* geometry optimizations were performed for this protein based on the first model in the Protein Data Bank file 1L2Y 75 (Fig. 6a) . The missing H atoms in the model were added and optimized with the AMBER96 force field. 76 It is not surprising that the gas phase and solvated structures of 1L2Y differ considerably (Figs. 6b and 6c) . The most significant difference is in the two termini. In the gas phase, the N-terminal (Asn1) NH 3 1 forms a salt bridge with the C-terminal (Ser20) COO 2 group, which also forms two hydrogen bonds to the backbone amide NH groups of Asn1 and Leu2. In the CPCM optimized structure, due to the stabilization provided by the CPCM solvation energy, the two termini remain far separated as in the initial geometry. Another salt bridge formed in the gas phase optimized structure is between the Lys8 NH 3 1 and the Asp9 COO 2 , which also forms a hydrogen bond to the Gln5 side chain amide group. In the CPCM optimized structure the See eq. (14) for the definition of these energies.
salt bridge and the hydrogen bond are not formed, similar to the NMR model. The RMSD of the geometric parameters between the gas phase FMO2-RHF/6-31G* and solution phase FMO2-RHF/ CPCM[1]/6-31G* optimized structures, and those between the first model (NMR derived) in 1L2Y and FMO2-RHF/CPCM[1]/ 6-31G* optimized structure are presented in Table 2 . As mentioned before, the comparisons are made at the structure superposition that minimizes the RMSD of the Cartesian coordinates (r in Table 2 ). The overall RMSD between the atomic Cartesian coordinates optimized by gas phase FMO2-RHF/6-31G* and FMO2-RHF/CPCM[1]/6-31G* is 2.16 Å . This is largely due to the dihedral angle changes, since the covalent bond lengths and angles do not change very much (but still more than those in polyalalnine, especially the covalent bond angles). If two residues from each terminus (i.e., Asn1, Leu2, Pro19, Ser20) are removed from the RMSD calculation, the RMSD for the rest of the two structures reduces to only 0.74 Å . From Figure 7 one can discern that the major contributor to the difference between the gas-phase and solvated structures is the x angle. Overall, the dihedral angles change considerably upon solvation, about twice as much as for polyalanine, reflecting the fact that the miniprotein has greater flexibility. One can also compare the solvent effects to those reported for a cluster model of hydration, where water was represented by the TIP3P force field. 77 The solvation effects upon the structure are similar in both cases (CPCM vs. TIP3P): the region of / and w angles 1-3 (the C-terminus) has a similar shape.
As shown in Figure 6d , the FMO2-RHF/CPCM[1]/6-31G* optimized structure is similar to the initial structure, which is the first model in the PDB file 1L2Y. As discussed above, the two COO 2 groups and two NH 3 1 groups are both solvated instead of salt-bridged. There is a considerable covalent bond length change of about 0.012 Å , and also a significant change in the dihedral angles. Still, the two structures resemble each other. There are many structures in the NMR spectrum, 75 representing the flexibility of the protein in solution, and the minimum structure (at 0 K) is close to most of them.
Conclusion
The energy gradients were implemented for the combined Fragment Molecular Orbital and Polarizable Continuum Model (FMO/PCM) method. The accuracy of the FMO/PCM gradients is similar to that of full ab initio PCM calculations, and the errors are mainly due to the approximations used for the PCM gradients (Table 1) . FMO/CPCM (Hartree-Fock level) geometry optimizations were performed for three conformers of a 10-residue polyalanine, CH 3 CO-(Ala) 10 -NHCH 3 (Figs. 2 and 3) , and the 20-residue miniprotein Trp-cage (PDB: 1L2Y, Fig. 6 ). The structural characters were compared to those obtained with gas phase and full ab initio CPCM calculations. In general, it is found that FMO/CPCM can resemble the full ab initio CPCM results, and can reproduce the key structural features derived from NMR data for Trp-cage. Although only the RHF results are discussed here, the implementation is equivalently valid for DFT methods that use RHF type wave functions. Future work will focus on improving the PCM description of protein solvation and the FMO description of electron correlation interaction for ab initio study of biological systems.
